One mechanism to enhance global food stocks radically is to introduce C 4 photosynthesis into C 3 crops from warm climates, notably rice. To accomplish this, an understanding of leaf structure and function is essential. The chlorenchyma structure of rice and related warm-climate C 3 grasses is distinct from that of cool temperate C 3 grasses. In temperate C 3 grasses, vacuoles occupy the majority of the cell, while chloroplasts, peroxisomes and mitochondria are pressed against the cell periphery. In rice, 66% of protoplast volume is occupied by chloroplasts, and chloroplasts/stromules cover >95% of the cell periphery. Mitochondria and peroxisomes occur in the cell interior and are intimately associated with chloroplasts/stromules. We hypothesize that the chlorenchyma architecture of rice enhances diffusive CO 2 conductance and maximizes scavenging of photorespired CO 2 . The extensive chloroplast/stromule sheath forces photorespired CO 2 to exit cells via the stroma, where it can be refi xed by Rubisco. Deep cell lobing and small cell size, coupled with chloroplast sheaths, creates high surface area exposure of stroma to intercellular spaces, thereby enhancing mesophyll transfer conductance. In support of this, rice exhibits higher mesophyll transfer conductance, greater stromal CO 2 content, lower CO 2 compensation points at warm temperature and less oxygen sensitivity of photosynthesis than cool temperate grasses. Rice vein length per leaf, mesophyll thickness and intercellular space volume are intermediate between those of most C 3 and C 4 grasses, indicating that the introduction of Kranz anatomy into rice may not require radical changes in leaf anatomy; however, deep lobing of chlorenchyma cells may constrain efforts to engineer C 4 photosynthesis into rice.
Introduction
Rice ( Oryza sativa L.) produces more food for direct human consumption than any other crop. Since 2003, global rice consumption has exceeded 550 per capita daily calories, followed by wheat at 520 per capita daily calories and maize at 147 per capita daily calories ( FAO 2008 ) . As the world's population continues to grow towards an estimated 10 billion people by 2050, demand for rice will grow faster than for other crops, because population growth is greatest in the rice-consuming and rice-producing regions of Asia, Africa and the Americas ( Dawe 2007 ) . In recent years, rice stocks have fallen dramatically, such that in 2008 the stock to use ratio of rice was at the lowest level in 30 years ( FAO 2008 ) . Switching from rice to other crops is unlikely to alleviate high prices and food shortages because other staple crops also show dramatic reductions in stocks. For wheat, the stock to use ratio in 2008 was at the lowest level in 50 years, and, for all grains combined, the stock to use ratio was at levels not seen for 45 years ( FAO 2008 ) . In coming decades, downward pressures on food stocks are expected to intensify. In addition to increased demand from a higher population, climate change is predicted to reduce food reserves through increased heat and drought inhibition of crop productivity ( Easterling et al. 2007 , Battisti and Naylor 2009 ) , while land for food production may decline due to erosion, urbanization and the planting of biofuel crops ( Hibberd et al. 2008 ) . To ensure global food needs are met well into the future, there is increasing realization that dramatic improvements in yield per hectare are required. Because rice is the number one food crop for much of humanity, it has been the focus of recent discussions addressing radical approaches to yield improvement; in particular, the engineering of the C 4 photosynthetic pathway into C 3 crops ( Sheehy et al. 2007 , Hibberd et al. 2008 .
Rice is a tropical to warm temperate crop that utilizes the C 3 photosynthetic pathway. Because it is a C 3 plant, reductions in photosynthesis by photorespiration can be substantial in its typical growth environment. At current CO 2 levels, photosynthetic reductions in rice due to photorespiration are estimated to be 25-35% at 30-35°C ( Sage 2001 ) . Much higher values of photorespiratory inhibition would have been present in pre-industrial times, when CO 2 was <300 p.p.m. C 4 photosynthesis is recognized to be an adaptation to high levels of photorespiration brought on by the combination of low atmospheric CO 2 , elevated temperatures and, in some cases, drought and salinity ( Sage 2004 ) . Because of its ability to concentrate CO 2 around Rubisco, C 4 photosynthesis has low rates of photorespiration, and typically higher photosynthetic capacities and effi ciencies of water, nitrogen and radiation use than C 3 plants in warm climates ( Long 1999 ) . Consequently, the C 4 pathway has many advantages over the C 3 pathway in rice-producing regions. Most of the severe rice weeds use C 4 photosynthesis, and yield reductions caused by C 4 weeds in upland rice fi elds can exceed 90% in the absence of intense control measures ( Sage 2001 ) . C 4 crops such as maize and millet often show much higher yields than rice under identical growing conditions ( Loomis 1983 ) ; for example, Mitchell and Sheehy (2000) report that potential yields of maize are 50% greater than for rice in tropical locations. This discrepancy in photosynthetic performance of C 3 and C 4 species in rice-producing regions has led to the conclusion that introducing C 4 photosynthesis into rice could 'supercharge' rice production, thereby providing a major boost to human food supplies Sheehy 2006 , Hibberd et al. 2008 ) .
C 4 photosynthesis has independently evolved >50 times, including an estimated 24 times in the grass and sedge family , Roalson 2009 ). In all but two lineages, the evolution of C 4 photosynthesis is associated with a marked change in leaf anatomy from the relatively homogeneous chlorenchyma distribution of the C 3 leaf, to the specialized Kranz anatomy of the C 4 leaf Nelson 1999, Muhaidat et al. 2007 ). Kranz anatomy refl ects an evolutionary modifi cation of the leaf into a mesophyll compartment where phosphoenolpyruvate (PEP) carboxylation occurs, and an enlarged bundle sheath compartment where Rubisco and the photosynthetic carbon reduction cycle is localized. Of the approximately 7,500 terrestrial C 4 species identifi ed, all but three express Kranz anatomy, and all of the productive C 4 crops have Kranz anatomy ( Sage 2004 ) . This prevalence of Kranz anatomy in terrestrial C 4 crops indicates that bioengineers would need to confi gure rice to express Kranz anatomy in order to improve productivity signifi cantly.
In two terrestrial plant lineages where C 4 photosynthesis evolved (represented by the genera Bienertia and Sueada ), Kranz anatomy is not present. Instead, C 4 photosynthesis operates within a single cell, although Rubisco is still localized in a different region of the cell from PEP carboxylase ( Edwards et al. 2004 ) . In aquatic environments, certain diatoms and higher plants also operate a C 4 metabolic cycle within single cells ( Bowes et al. 2002 , Bowes et al. 2007 ). In these aquatic C 4 species, there is no segregation of the C 3 and C 4 cycles to different regions of the cell as occurs in terrestrial single-celled C 4 plants; instead PEP carboxylation occurs in the cytoplasm immediately surrounding the chloroplasts that contain Rubisco. The existence of single-cell C 4 photosynthesis raises the possibility of engineering C 4 photosynthesis into a C 3 leaf without the need also to introduce Kranz anatomy ( Bowes et al. 2007 , Edwards et al. 2007 ). Already, rice and tobacco plants have been transformed to express C 4 genes for PEP carboxylase, pyruvate-phosphate dikinase and PEP carboxykinase ( Matsouka et al. 2001 , Burnell 2009 ). In comparison, the genes and developmental processes controlling Kranz anatomy in any species remain unknown ( Nelson et al. 2007 ) , indicating that engineering Kranz anatomy into a C 3 leaf could be a major hurdle ( Nelson et al. 2007 , Burnell 2007 ).
It has also been proposed that short-circuiting the photorespiratory cycle may enhance the CO 2 level in the chloroplast of terrestrial C 3 plants, allowing them to realize some of the benefi ts of C 4 photosynthesis without actually engineering C 4 photosynthesis into the rice leaf ( Kebeish et al. 2007 , Peterhansel et al. 2007 ). In Arabidopsis thaliana , the introduction of genes from the Escherichia coli glycolate pathway allowed for the conversion of glycolate to glycerate within the chloroplast ( Keibesh et al. 2007 ). Photorespiratory CO 2 was released in the chloroplast instead of the mitochondria of the transformed Arabidopsis , increasing CO 2 levels in the stroma and thus reducing the CO 2 compensation point while enhancing photosynthesis and growth ( Kebeish et al. 2007 ). Because photorespiration is greater in the warmer growth environment of rice, larger yield enhancements would be expected in rice transformed with the bacterial glycolate pathway.
In order to realize the yield benefi ts of the C 4 pathway, the International Rice Research Institute (IRRI) in the Philippines has recently established a program to examine the feasibility of engineering C 4 rice ( IRRI 2008 ) . This task requires, as a fi rst step, a basic understanding of the cellular architecture of the rice mesophyll as it relates to photosynthetic physiology. As members of the international research consortium associated with the IRRI C 4 rice project, we provide such an assessment in the present study, using a combination of literature review and a new microscopic analysis. Our studies examine the cellular architecture of two cultivated species of rice, Oryza sativa L. cv. Nipponbare japonica and O . glaberrima Steud., as well as three wild rice relatives, O . punctata Kotschy ex Steud., O . australiensis Domin and O . nivara Sharma et Shastry.
Results

Chlorenchyma cell structure
The rice mesophyll tissue is composed of lobed chlorenchyma cells that are approximately twice as long as they are wide, with the long axis oriented perpendicular to the vascular tissue ( Figs. 1A-D ; 2A-E ; 3A-D ; Chonan 1970 , Chonan 1978 . The lobing of chlorenchyma cells develops solely around the cell periphery in the transverse plane ( Figs. 1A-D ; 2B, D ; 3A, B ; 4A ), thereby giving rise to cells that resemble armed, ellipsoid discs or ratchets ( Carolin et al. 1973 ) . In transverse section, chlorenchyma cells form sheets ( Fig. 1A ) that extend radially between adjacent vascular traces. In longitudinal and paradermal sections, chlorenchyma cells appear stacked in fi les ( Figs. 1B, D ; 2A-C ) that lay parallel to vascular traces. Chlorenchyma cells are joined to one another at the lobes, and plasmodesmata are only present between armed chlorenchyma cells at the junction between lobes ( Figs. 2C, C inset, E, F, F inset ; 3A, B ) .
The protoplast of chlorenchyma cells of rice mesophyll tissue sampled in the present study was similar in structure to that reported for photosynthetically active cells prior to leaf senescence ( Hashimoto et al. 1989 ) . The majority of chlorenchyma cells contain a protoplast that is composed of numerous vacuoles of varying size, and a dense cytoplasm that contains a prominent nucleus and abundant numbers of mitochondria, peroxisomes and chloroplasts ( Figs. 3A-E , 4A-K ). Cells within the middle of the mesophyll tissue tend to be more elongate than surrounding cells and often develop a large central vacuole ( Figs. 1A , 3A ) . Vacuoles of all mesophyll cells contain autophagic bodies and fi brilar structures ( Fig. 3A-C ). Profi les of endoplasmic reticulum in all chlorenchyma cells are infrequent and, when present, are commonly associated with peroxisomes. Golgi bodies are rare. Chloroplasts dominate the protoplast at the cell periphery ( Figs. 1A-D ; 2A , B, D, F ; 3A-F ; 4A-K ) and occupy 65.8% [± 2.6, 95% confi dence interval (CI)] of the protoplast volume. Lobes of the armed chlorenchyma cells contain 3-4 chloroplasts per lobe ( Fig. 2A, B, D ) . The chloroplast sheath at the cell periphery is composed of both the main body of the chloroplast and stroma-fi lled extensions of the chloroplast variously defi ned as stromules or chloroplast protrusions ( Bourett et al. 1999 , Kwok and Hanson 2004 ) . The chloroplast extensions observed here fall into both the stromule (narrow and tube-like) and protrusion (larger, less elongated) category. For convenience, we refer to them as stromules.
Stromules are very common and extend over long and short distances within armed chlorenchyma lobes and between lobes ( Figs. 3C, D-F ; 4A-K ). Gaps in the chloroplast/stromule sheath around the cell periphery occur at the cell wall junctions of either two chlorenchyma cells, a chlorenchyma cell and an epidermal cell, a chlorenchyma cell and a bundle sheath cell, or in the presence of a vacuole adjacent to the cell wall (data not shown). Quantitative analyses indicate that the main body of the chloroplast and chloroplast stromules combine to cover 97.4% (± 0.5, 95% CI) of the cell periphery. Of the remaining 3% that is not covered by the chloroplast, half represents gaps adjacent to intercellular space. Mitochondria and peroxisomes are almost always confi ned to the interior regions of the cytoplasm in close proximity to either the main body of a chloroplast ( Figs. 3A-E ; 4A, B, D-G ), sandwiched between two chloroplasts ( Fig. 4C, H ), encapsulated by a chloroplast ( Fig. 4E, F ) or adjacent to a stromule ( Figs. 3C-E ; 4A, D-K ).
The protoplast of the armed chlorenchyma cells is notably different in ultrastructure from bundle sheath cells. Bundle sheath cells have a large central vacuole and a peripheral cytoplasm with fewer mitochondria, peroxisomes and chloroplasts than armed chlorenchyma cells. All of these organelles are located adjacent to the cell wall in a thin layer of cytoplasm ( Fig. 5A, B ) . Chloroplasts of the bundle sheath are smaller than those located within armed chlorenchyma cells, do not form a continuous boundary around the periphery of the cell and stromules are rarely present ( Fig. 5A, B ) . Plasmodesmata are present between the armed chlorenchyma and bundle sheath cells ( Fig. 5B inset) .
The cellular architecture of the armed chlorenchyma cells and bundle sheath cells within the leaves of O . punctata , O. nivara , O . glaberrima and O . australiensis are the same as those reported above for O . sativa when observed with a light ( Fig. 6A-D ) and transmission electron microscope (data not shown). As in O. sativa , stromules tended to fi ll in the gaps between the main bodies of chloroplasts along the cell periphery. These observations demonstrate that the features of the leaf mesophyll that we observed in O. sativa are common within the Oryza genus and are not the result of domestication or intensive breeding.
Discussion
The grass family is phylogenetically subdivided into a number of small, early diverging lineages and two major monophyletic clades, the BEP clade and the PACMAD clade (GWPG 2001 , Kellogg 2002 , Christin et al. 2009 ). Most grass species belong to the PACMAD clade, which comprises all of the C 4 lineages, and C 3 grasses in the subfamilies Panicoidaea, Arundinoideae, Danthonioideae and Micrairoideae ( Kellogg 2002 , Christin et al. 2009 ). The BEP clade is exclusively C 3 and includes the Pooideae, Erhartoideae and Bambusoideae. Erhartoideae (which includes rice) and Bambusoideae (which includes the bamboos) are commonly called bambusoids ( Brown 1958 , Carolin et al. 1973 . Pooids largely contain grasses from cooler climates of high latitude or high elevation (GPWG 2001) . The temperate crops wheat, barley, oats and rye are pooids. Bambusoids are largely of tropical to warm temperate climates. Anatomical treatments have commonly segregated the mesophyll tissue of the BEP grasses into two structural types, the pooid (or festucoids in some treatments; Brown 1958 , Chonan 1978 ) and the bambusoids ( Brown 1958 , Chonan 1970 , Chonan 1972 , Carolin et al. 1973 , Chonan 1978 , Ellis 1986 , Dengler et al. 1994 . The functional signifi cance of the differences in the leaf anatomy between the bambusoids and pooids has not to our knowledge been addressed in the literature. In the following paragraphs, we compare these structural differences between the two groups, largely using wheat and barley as examples of the pooid anatomy, and rice and its relatives as examples of the bambusoid anatomy. We then evaluate the functional signifi cance of the rice anatomy.
Chlorenchyma structure in the C 3 grasses of the BEP clade
The pooids and bambusoids do not form spongy and palisade chlorenchyma layers. Instead, the leaf mesophyll tissue of the Pooideae, such as wheat, and the bambusoids, such as rice, are composed of relatively uniform layers of chlorenchyma cells ( Esau 1965 , Chonan 1978 , Mauseth 1988 . Chlorenchyma cells in BEP grasses form lobes that branch from the long axis of the cell; these long axes are oriented either perpendicular to the veins in the bambusoids or parallel to the veins in the pooids ( Chonan, 1970 , Chonan 1972 . The lobes of the chlorenchyma cells are much larger in pooids than in bambusoids, being about twice as wide and long in wheat as in rice ( Chonan 1978 , Evans and Loreto 2000 ) . The lobes of the chlorenchyma cells extend 3-5 µ m from the central core of the rice cell (data not shown); in wheat, they extend 10-20 µ m from the central core ( Evans and Loreto 2000 ) . In rice, the protuberances resemble short, thick fl ower petals. Previous workers referred to the mesophyll tissue as 'ratchet' ( Carolin et al. 1973 ) or 'armed' parenchyma ( Metcalfe 1960 , Chonan 1978 , Ellis 1986 . Rice chlorenchyma cells are about half the size of those in wheat, and they form a densely packed mesophyll tissue that is onethird to one-half the thickness of pooid mesophyll ( Chonan 1970 , Chonan 1972 , Chonan 1978 , Hashimoto et al 1989 , Dengler et al. 1994 , Evans and Loreto 2000 .
The cellular architecture of the pooid chlorenchyma cells is vastly different from that of the bambusoids. The protoplast of the pooid chlorenchyma cell is similar to that which is commonly presented in textbooks as typical for C 3 eudicots ( Esau 1965 , Mauseth 1988 . Mature pooid chlorenchyma cells have a thin, peripheral cytoplasm and a large, central vacuole ( Bisalputra et al. 1969 , Chonan 1970 , Frederick and Newcomb 1971 , Mittelhueser and van Steveninck 1971 , Johnson and Brown 1973 , Peoples et al. 1980 , Evans 1983 , Winter 1993 , Evans and Loreto 2000 , Lutz and Engel 2007 . Relative to the Pooideae, the bambusoids have an organellerich cytoplasm that dominates the chlorenchyma protoplast at the peak of leaf photosynthetic activity prior to senescence (Chonan 1971 , Carolin et al. 1973 , Chonan et al. 1977 , Chonan et al. 1981 , Soderstrom et al. 1987 , Soderstrom 1988 , Ellis 1986 , Hashimoto et al. 1989 . Chloroplasts in rice dominate the overall volume of the cytoplasm of mature chlorenchyma cells (Chonan 1977 , Hashimoto et al. 1989 , this study). We observed the chloroplast volume to range between 50% the of cell volume for some cells within the interior of the mesophyll to 83% of the cell volume for the remaining chlorenchyma cells. In contrast, the chloroplast volume of mature cells in pooid grasses is <25% ( Bisulputra et al. 1969 , Frederick and Newcomb 1971 , Winter et al. 1993 , Evans and Loreto 2000 . The lobes of the rice mesophyll cell are typically occupied by 3-4 chloroplasts. Lobes of a wheat chlorenchyma cell contain many chloroplasts (>10) that are pressed against the cell periphery by large vacuoles ( Evans and Loreto 2000 ) . Combined, the dense, chloroplast-rich cytosol and tight mesophyll cell packing explains in part how rice can have a photosynthetic capacity that is nearly 80% of the wheat value ( Sudo et al. 2003 ) , despite having half the mesophyll thickness ( Chonan 1970 , Chonan 1978 . The greater chloroplast density per unit volume in the rice leaf allows for more photosynthetic protein per volume, offsetting the reduced thickness of the mesophyll layer.
In both wheat and rice, chloroplasts cover most of the cell periphery adjacent to intercellular spaces. Estimates of the degree of coverage are diffi cult to come by in the literature, and would have been affected by growth conditions such as nitrogen status and growth light intensity ( Evans and Loreto 2000 ) . In wheat, 76% of the cell periphery is covered by chloroplasts, which is similar to spinach wherein 73% of the cell periphery is covered ( Evans and Loreto 2000 ) . A novel and signifi cant fi nding in the present study is the observation that the periphery of the rice chlorenchyma cell is ensheathed by both the chloroplast proper and stroma-fi lled protuberances (stromules) that effectively fi ll the gaps along the cell periphery between the chloroplasts. Stromules are apparent in prior studies of the rice mesophyll, but the authors did not evaluate the degree to which they covered the cell periphery ( Chonan et al. 1981 , Hashimoto et al. 1989 , Bourett et al. 1999 . In the present study, we demonstrate that stromules and the main body of the chloroplasts cover on average 97% of the rice mesophyll cell periphery. Stromules have been noted to occur in the chlorenchyma cells of the Pooideae, but do not appear to be as extensive as in rice. In most micrographs that illustrate leaf mesophyll ultrastructure from the Pooideae, stroma-fi lled protuberances are either not apparent or, if present, are short and fi ll in little of the space between chloroplasts ( Bisalputra et al. 1969 , Frederick and Newcomb 1971 , Johnson and Brown 1973 , Peoples et al. 1980 , Evans 1983 , Winter et al. 1993 ). In no case, however, were stromules in pooid species noted to fi ll in the gaps between most chloroplasts as observed for rice in the present study. The lack of coverage by stromules in the pooids is unlikely to be due to fi xation artifact because prior studies employed similar fi xation methods to those used in the present study ( Mittelhueser and van Steveninck 1971 , Peoples et al. 1980 , Chonan et al. 1981 , Hashimoto et al. 1989 , Gielwanowska et al. 2005 , Lutz and Engel 2007 . Where stromules were observed to be common, they were associated with abiotic stress (in wheat; Mittelhueser and van Steveninck 1971) or elevated temperature (in cold-adapted grasses from high elevation and Antarctica; Gielwanowska et al. 2005 . Environmental conditions such as stress, light and temperature may account for variation in the degree of stromule development observed between studies ( Kwok and Hansen 2004 , Buchner et al. 2007 ); however, the extensive stromules in rice used in the present study are not associated with stress. It is possible that extensive stromule formation in rice is the norm, while in wheat and other pooids stromules are small in nonstressed leaves. A question requiring further study is whether there is a phylogenetic pattern to stromule formation, with bambusoids such as rice having extensive stromules much of the time, while stromules only become extensive in pooids during times of stress.
In the pooids, mitochondria and peroxisomes are pressed against the cell periphery by the large vacuole, and often occur in the gaps between chloroplasts ( Bisulputra et al. 1969 , Frederick and Newcomb, 1971 , Mittelheuser and van Steveninck 1971 , Carolin et al. 1973 , Frederick et al. 1975 , Peoples et al. 1980 , Evans 1983 , Winter et al. 1993 , Evans and Loreto 2000 , Lutz and Engel 2007 . In rice, we show that mitochondria and peroxisomes are located in the cell interior, often closely associated with a chloroplast (see also Chonan et al. 1977 ) . We commonly observed a line-up of mitochondria and peroxisomes along the inner faces of the chloroplasts, and, within the chlorenchyma lobes, mitochondria are often sandwiched between chloroplasts. Both stromules and the main body of the chloroplast in the rice chlorenchyma cells were also observed to encircle mitochondria and peroxisomes. Where a mitochondrion or peroxisome approached the cell periphery, a stromule extension formed a barrier between the mitochondrion and the plasma membrane. Similar spatial arrays of organelles in rice chlorenchyma cells can be seen in micrographs by Chonan et al. (1981) and Bourett et al. (1999) .
The functional signifi cance of the rice mesophyll anatomy
Rice and its relatives stand out as a group of C 3 plants that thrive in warm to hot environments where photorespiration is favored and competition from C 4 species can be severe ( Sage 2001 ) . The ability of rice to succeed in these settings, particularly during recent geological time when photorespiration would have been much higher than today, suggests that rice has a mechanism to compensate for high photorespiratory costs. Two potential mechanisms for photorespiratory compensation are indicated by the structure of the leaf mesophyll in rice. First, the extensive lobing and small cell size, coupled with a near complete coverage of the cell periphery by the chloroplasts and stromules, indicate that the rice mesophyll is specialized to maximize the diffusive conductance of CO 2 into the stroma. Secondly, the interior location of the mitochondria and peroxisomes, and the extension of the stromules to complete a barrier between mitochondria and the intercellular space, could be specializations to maximize the refi xation of photorespired CO 2 . In the following paragraphs, we will elaborate on these hypotheses, and present supporting evidence obtained from the physiological literature.
Photorespiratory CO 2 scavenging. Photorespiratory CO 2 scavenging describes a process where most photorespired CO 2 is refi xed, usually in a manner that enhances stromal CO 2 concentrations and carboxylation effi ciency of Rubisco ( Sage 2004 , Vogan et al. 2007 ). Photorespiratory scavenging is best characterized in C 3 -C 4 intermediate plants which, like rice, grow in hot, high-light environments where photorespiration in C 3 plants can be high ( Monson 1999 , Sage 2004 , Vogan et al. 2007 ). In C 3 -C 4 species, oxygenation of ribulose-1,5-bisphosphate (RuBP) by Rubisco in the mesophyll cells produces a two-carbon metabolite, P-glycollate, that is converted to glycine in the peroxisome ( Monson 1999 ). The glycine then diffuses to the bundle sheath mitochondria where glycine decarboxylation occurs, releasing CO 2 that enhances Rubisco effi ciency within the bundle sheath chloroplasts. C 3 -C 4 species generally have Kranz-like anatomy with enlarged, organelle-rich bundle sheath cells and reduced mesophyll to bundle sheath ratios ( Brown and Hattersley 1989 , Monson and Rawsthorne 2000 , Sage 2004 , Mckown and Dengler 2007 , Muhaidat 2007 . Glycine decarboxylase in the C 3 -C 4 leaf is only present in the bundle sheath mitochondria, which are localized along the inner wall of the bundle sheath cells, inside a layer of chloroplasts ( Hylton et al. 1988 , Monson and Rawsthorne 2000 , Muhaidat 2007 ). This arrangement helps trap the photorespired CO 2 in the chloroplasts and can lead to signifi cant CO 2 enrichment around Rubisco ( von Caemmerer 1989 , Monson and Rawsthorne 2000 ) .
In contrast to this Kranz-like, two-tissue system for scavenging photorespired CO 2 , we hypothesize that rice operates a single-celled, photorespiratory CO 2 scavenging system. The potential to trap and refi x photorespired CO 2 is indicated by the localization of the mitochondria and peroxisomes to the interior of the cell and the intimate association between mitochondria and either the stromules or the surface of the chloroplasts facing the cell interior. These organelle associations, as well as the frequent enclosure of mitochondria by chloroplast or stromules, leave little avenue for CO 2 effl ux except through the stroma. Importantly, rice stromules contain Rubisco ( Bourett et al. 1999 ) . A particularly signifi cant and common cellular feature was the line-up of mitochondria and peroxisomes along the inner wall of a chloroplast. This pattern is reminiscent of similar arrangements in C 3 -C 4 intermediate species where mitochondria line-up alongside a string of chloroplasts at the centripetal wall of the bundle sheath cells ( Brown and Hattersley 1989 , Monson and Rawsthorne 2000 ) . This layering of mitochondria besides chloroplasts in C 3 -C 4 intermediates promotes high refi xation of photorespired CO 2 ( Bauwe et al. 1987 , Monson and Rawsthorne, 2000 ) .
By creating a stroma-fi lled barrier along the periphery of the mesophyll cell, the photorespired CO 2 will have to pass by Rubisco to exit the cell. The addition of this CO 2 supply to that coming from the intercellular spaces should increase the stromal CO 2 concentration, and improve the carboxylation capacity of Rubisco. The degree of CO 2 enhancement will depend upon the photorespiration rate. When photorespiration is low, e.g. <18°C, the increase in stromal CO 2 would probably be modest and diffi cult to evaluate. When photorespiration is high, as at elevated temperature, there could be a surge of CO 2 into the chloroplasts from the cell interior, leading to signifi cant enhancement of Rubisco efficiency and photosynthesis. The degree of CO 2 enhancement in rice is a matter of speculation at this time although photorespiratory CO 2 scavenging has been demonstrated in C 3 plants and can be substantial ( Bauwe et al. 1987 , Loreto et al. 1999 . For example, Flaveria cronquestii , a close relative of the C 3 -C 4 intermediate Flaveria species, has typical C 3 anatomy and photosynthetic gas-exchange responses ( Ku et al. 1991 , McKown and , and refi xes 48% of the photorespired CO 2 at 28°C ( Bauwe et al. 1987 ). These results demonstrate that the typical C 3 photosynthetic responses to intercellular CO 2 and temperature observed in rice ( Makino et al. 1988 , Makino et al. 1992 , Makino et al. 1994 , Sudo et al. 2003 do not rule out the possibility that it operates an effi cient photorespiratory CO 2 scavenging system. To evaluate potential effects of photorespiratory CO 2 scavenging on carbon assimilation using leaf gas exchange, the preferred measurements are the CO 2 compensation point of photosynthesis and the change in the rate of photosynthesis following a 90% reduction in O 2 around the leaf ( Monson and Rawsthorne 2000 ) . If signifi cant, photorespiratory CO 2 scavenging would reduce both the CO 2 compensation point and the sensitivity of photosynthesis to O 2 reduction. Our review of the literature identifi ed a number of studies presenting CO 2 compensation point and O 2 sensitivity data that are consistent with effi cient photorespiratory CO 2 scavenging in rice.
In a direct comparison of CO 2 compensation points of photosynthesis in rice and barley, Ishii et al. (1977) observed that rice had similar CO 2 compensation values to barley at 15°C, but lower values at 25 and 35°C. At 35°C and 20% O 2 , rice had a CO 2 compensation point of 64 p.p.m., some 30% less than the barley value of 98 p.p.m. ( Ishii et al. 1977 ) . In comparison, C 3 -C 4 intermediates have CO 2 compensation points for photosynthesis that are typically 40-80% less than those of C 3 species ( Brown and Hattersley 1989 , Monson and Rawsthorne 2000 , Vogan et al. 2007 ). Yeo et al. (1994) also noted low CO 2 compensation points of photosynthesis in rice and its relatives. The mean CO 2 compensation point reported for high-light-adapted Oryza species was 36 p.p.m., and one species, O. rufi pogon , had values as low as 28 p.p.m., which is near the compensation points observed in some C 3 -C 4 intermediates ( Ku et al. 1991 , Yeo et al. 1994 . Two studies indicate that rice has lower oxygen sensitivity of photosynthesis than expected if there was no photorespiratory CO 2 scavenging. Ishii et al. (1977) observed that rice exhibited O 2 sensitivity of photosynthesis that was about half that for barley at 200-300 p.p.m. CO 2 and 35°C. Sun et al. (1998) observed that photosynthetic O 2 sensitivity in rice was less than theoretically predicted at all measurement temperatures; notably, the O 2 sensitivity declined as temperatures rose above 28°C, which is consistent with increased fi xation of photorespiratory CO 2 at warmer temperature.
Recently, Makino and Sage (2007) examined the temperature response of photosynthesis in rice plants transformed with sense and antisense constructs to modify Rubisco content. In order to evaluate the biochemical processes controlling CO 2 assimilation, Makino and Sage (2007) compared observed photosynthesis rates at current CO 2 levels with theoretical rates modeled from in vitro assays of Rubisco activity. The comparison of measured with modeled responses improved the ability to resolve discrepancies that may refl ect scavenging of photorespired CO 2 . Modeled fi ts to the data were reasonable except at high temperature, where the wild-type and sense lines had higher observed than modeled rates of gross CO 2 assimilation ( Fig. 7 ) . This discrepancy is consistent with higher stromal CO 2 levels due to a large release of photorespired CO 2 at elevated temperature. The antisense line did not show the same discrepancy at elevated temperature as the wild-type and sense lines, which would be consistent with a reduced rate of glycine production due to less Rubisco. With less glycine, photorespiratory CO 2 production would be lower, and thus there would be less photorespired CO 2 to enhance stromal CO 2 levels.
Finally, using a carbon isotopic technique, von Caemmerer and Evans (1991) showed that rice does indeed have a higher ratio of chloroplast to intercellular CO 2 than wheat and fi ve other C 3 species ( Fig. 8A ) ; however, this result could also be due to high diffusive conductance into the cell, as will be discussed below.
CO 2 transfer conductance in the mesophyll. The resistance to CO 2 diffusion from the intercellular space to the chloroplast is estimated to reduce the stromal CO 2 concentration by 30% in high light ( Evans and von Caemmerer 1996 ) .
Leaf temperature, ˚C
Gross CO 2 assimilation rate, µmol m -2 s -1 Fig. 7 The temperature response of gross photosynthesis in wild-type rice, and rice plants transformed with sense or antisense constructs of the Rubisco small subunit. Sense plants had a Rubisco content that was 1.4 times that of the wild type. Antisense plants had Rubisco contents that were 0.3 times the wild-type value. Lines indicate the modeled response of the rice genotypes, using in vitro biochemical data and the model of Farquhar et al. (1980) . From Makino and Sage (2007) with permission.
This degree of reduction would substantially inhibit photosynthesis, particularly at warm temperature. At elevated temperature, it is therefore logical to expect adaptations to maximize g m , the CO 2 transfer conductance across the mesophyll cell wall. Mesophyll transfer conductance is primarily a function of membrane permeability and the surface area of chloroplasts exposed to the intercellular spaces ( Evans and Loreto 2000 , Hanba et al. 2004 , Flexas et al. 2008 . Surface area exposure of the chloroplasts depends on the total mesophyll area, and the degree to which the cell periphery is covered by chloroplasts and stromules. Rice has high values in both mesophyll surface area and chloroplast/stromule coverage. Exposed mesophyll surface area in rice ranges between 19 and 44 m 2 m -2 , while in wheat the values range between 8 and 24 m 2 m -2 ( von Caemmerer and Evans 1991 , Hanba et al. 2004 ). The high degree of lobing coupled with small cell sizes explains the high surface area exposure of the rice mesophyll tissue. The near complete coverage of the cell periphery by chloroplasts and stromules shows that the mesophyll surface area and chloroplast/stromule surface area exposed to the intercellular spaces are effectively the same. This arrangement would also ensure that rice has 30% greater surface area coverage than pooid grasses such as wheat, where the exposed surface area of the chloroplasts has been measured to be 76% ( Evans and Loreto 2000 ) . Consistent with these anatomical results, rice is reported to have a higher g m than other C 3 species when differences in CO 2 assimilation rate are taken into account ( von Caemmerer and Evans 1991 ). As illustrated in Fig. 8B , g m estimates using a stable isotopic technique vary with CO 2 assimilation rate ( A ), but, at a given A value, the g m value for rice is greater than that of eight C 3 species, including wheat. Scartazza et al. (1998) also reported high g m values for nondroughted rice (0.6-1 mol m -2 s -1 for CO 2 assimilation values of 22-25 µ mol m -2 s -1 , using stable isotopes). Using a theoretical model and biochemical data, Makino et al. 1994 also estimated rice to have a high g m (approximately 0.7 mol m -2 s -1 at an A value of 30 µ mol m -2 s -2 ). Collectively, these values of g m reported for rice are among the highest reported for C 3 species ( Flexas et al. 2008 ) .
While the high g m / A estimates for rice are consistent with the hypothesis that the rice mesophyll tissue is specialized to enhance CO 2 delivery to the stroma, we need to caution that a high proportion of photorespiratory CO 2 fi xation could infl ate the g m estimate made by carbon isotopic discrimination. Photorespiratory CO 2 fi xation would lead to double discrimination against 13 CO 2 by Rubisco, since the source CO 2 entering the stroma from glycine decarboxylation would have a C 3 isotopic signature ( von Caemmerer and Hubick 1989 ) . To avoid the refi xation problem, g m estimates should be conducted at low O 2 , or the refi xation rate should be determined and used to correct the discrimination estimates.
Implications for C 4 rice
Two anatomical options have been proposed for C 4 rice. The fi rst is to introduce Kranz anatomy into rice; the second is to create single-celled C 4 rice ( Burnell 2009 ). The creation of Kranz anatomy in rice would require a reduction in mesophyll cell number, infl ation of the bundle sheath, increased organelle density in the bundle sheath and increased vein density ( Brown and Hattersley 1989 , Dengler et al. 1994 , Dengler and Nelson 1999 . In the literature, it has been shown that the anatomical differences between rice and C 4 species are not as great as they are between C 4 species and The relationship between (A) the mesophyll transfer conductance and net CO 2 assimilation rate, and (B) the ratio of chloroplast CO 2 to intercellular CO 2 and net CO 2 assimilation rate in rice, wheat, bean, radish, eucalypt and tobacco (symbols indicated on the graph) and peach (P), grapefruit (G), lemon (L) and macadamia (M). Wheat and bean data are from plants grown at high (HN) or low nitrogen (LN). Arrows indicate the rice values. Mesophyll transfer conductance was estimated using a carbon isotope discrimination method. Reprinted from von Caemmerer and Evans (1991) with permission.
the Pooideae grasses. Relative to Pooideae-type C 3 grasses from the temperate zone, rice has a vein to mesophyll ratio and an intercellular cell volume that is intermediate between those of temperate C 3 grasses and C 4 grasses ( Ueno et al. 2006 ) . The thickness of the rice mesophyll is close to that of C 4 leaves ( Chonan 1970 , Chonan 1978 , Dengler et al. 1994 , and the disk-like cells are arranged in fi les that radiate away from the vascular bundles, similar to how mesophyll cells radiate away from the vascular bundle in Kranz anatomy ( Dengler and Nelson 1999 ) . The bundle sheath of rice is well developed, with a modest number of chloroplasts, although it is nothing close to a C 4 -type of bundle sheath ( Chonan 1970 , Chonan 1978 , Dengler et al. 1994 , Ueno et al. 2006 . Thus, in engineering C 4 rice, one could envisage relatively simple anatomical adjustments to alter bundle sheath size and mesophyll numbers, without major changes to the overall architecture of the leaf. However, if each rice mesophyll cell is highly evolved for photorespiratory CO 2 scavenging, there may be a need to reduce this degree of specialization. For example, mesophyll cells of C 4 grasses do not exhibit the extensive lobing of rice and its relatives ( Chonan 1970 , Chonan 1978 , indicating that the deep lobing of rice may be too specialized for a C 4 context. The implications of the cellular architecture of rice chlorenchyma cells for single-cell C 4 photosynthesis are perhaps more profound. In the existing terrestrial single-celled C 4 species, there is a spatial separation of the region where PEP carboxylation occurs from where Rubisco is active ( Edwards et al. 2004 ) . In both lineages of single-cell C 4 photosynthesis ( Bienertia and Sueada aralocaspica ), the region where PEP carboxylation occurs is at the cell periphery exposed to the intercellular spaces, while the Rubisco region is either in the middle of the cell or on the opposite end of the cell away from the intercellular spaces ( Edwards et al. 2004 , Edwards et al. 2007 . In rice, the situation is opposite, such that the Rubisco-containing chloroplasts and stromules line the cell periphery, while the cytoplasm is to the interior. Since PEP carboxylase is a cytosolic enzyme, it would be localized in the cell interior, where it would only have access to photorespiratory CO 2 and any free CO 2 that leaks in through the chloroplast/stromule barrier. Without free access to atmospheric CO 2 , it would be more diffi cult for PEP carboxylase to concentrate CO 2 into the chloroplast. Instead, the C 4 cycle would primarily move photorespired CO 2 into the chloroplast, and high PEP carboxylase activity could reduce the cytosolic CO 2 enough to draw in chloroplastic CO 2 , potentially creating a futile cycle. We conclude that the current anatomy of the rice mesophyll cell is incompatible with singlecell C 4 photosynthesis. Any attempt to introduce an effi cient single-cell C 4 system will probably need to invert the order of chloroplast and cytosol in the cells, or prevent stromule formation to allow Rubisco-free pathways into the central cytoplasm.
Implications for a bacterial glycolate pathway in rice
The introduction of a bacterial glycolate pathway into C 3 plants enhances photosynthesis by two mechanisms ( Kebeish et al. 2007 , Peterhansel et al. 2007 ). First, the release of photorespired CO 2 within the chloroplast increases the stromal CO 2 level relative to the normal release of photorespired CO 2 by the mitochondria. Secondly, the bacterial pathway does not produce ammonia, which is produced by the plant photorespiratory pathway. Re-assimilation of ammonia requires NADPH and ATP, and thus is a major energetic cost of photorespiration. By forcing photorespiratory CO 2 to re-enter the stroma, the existing ultrastructure of rice may already elevate CO 2 to levels similar to those that would be obtained in rice with a bacterial glycolate pathway; however, photorespiratory CO 2 scavenging does not reduce the energy cost associated with re-assimilation of ammonia. We therefore envisage modest benefi t of the bacterial pathway, though not as much as might be predicted.
Conclusion: C 3 leaf anatomy and phylogenetic relationships in the grasses
The segregation of C 3 grass anatomy into the Bambusoid and Pooideae categories is consistent with the possibility that the dense, lobed mesophyll of rice and its relatives is an adaptation to compensate for high photorespiratory potential in warmer environments, while the more open mesophyll of the Pooideae grasses may be better adapted for cooler conditions at high latitude and altitude. Physiological evidence for photorespiratory CO 2 scavenging is present in the literature; however, it is not defi nitive, and a comprehensive series of measurements are needed to assess the significance of this phenomenon directly in rice. While these measurements could demonstrate the potential to scavenge photorespired CO 2 , to address the question of whether rice anatomy is adapted to warm climates with high photorespiratory potential, it will probably be necessary to use a phylogenetically independent contrasts approach, as has been used to evaluate the adaptive value of complex traits such as leaf shape ( Ackerly and Reich 1999 ) . In such an approach, the architectural features of the mesophyll cells in a wide range of C 3 grasses would be mapped onto the grass phylogeny. If specifi c structural features associated with the scavenging of photorespired CO 2 occur repeatedly in independent lineages of grasses from warm or stressful environments, there would be strong support for the hypothesis that these features represent convergent adaptations to high photorespiratory environments. In our survey of the structural literature of grasses, we note two lines of evidence that indicate that there are multiple origins of the rice-like features within the grasses. One example is the aquatic grass Phragmites australis , which is classifi ed within the PACMAD clade, some distance from rice (GPWG 2001) . Like rice, P. australis has dense cytoplasm with highly lobed cells, and grows well in hot environments ( Zheng et al. 2000 , Antonielli et al. 2002 . A second case involves a number of species from high elevation in which chloroplast protrusions and stromules become much more extensive with warmer growth conditions and abiotic stress that are known to enhance photorespiration , Lutz and Engel 2007 . One of these species was a pooid grass, Poa alpina , and the others were distantly related dicots. The occurrence of chloroplast extensions in these distantly related lines could provide data to test whether independent evolution of stromule sheaths is an adaptive response to enhanced photorespiratory potential.
One of the important questions that could be addressed using a phylogenetic approach is whether the existing architecture of the mesophyll in rice and its relatives constrains the ability to evolve C 4 photosynthesis. This could be evaluated with a detailed, phylogenetically based, anatomical survey of the of the C 3 species in the PACMAD clade. If C 3 PACMAD species with dense, lobed mesophyll cells were observed in PACMAD clades lacking C 4 species, the constraint hypothesis would be supported. Alternatively, if the lobed PACMAD species were close to the C 4 lineages, it would indicate that the rice anatomy is not too specialized for C 4 evolution. Such an observation would be encouraging to efforts to engineer the C 4 pathway into rice.
In conclusion, there is enormous potential to use phylogenetics, photosynthetic physiology and leaf mesophyll anatomy to identify photosynthetic adaptations within the C 3 grasses, a group whose functional anatomy remains understudied. At this time, however, the anatomical literature on C 3 grasses is too scattered and lacking in comprehensive detail to provide much support for phylogenetically based physiological studies. Many of the anatomical studies lack effective environmental control, or were conducted under conditions that would mask the key features indicating adaptive function. In this regard, we noticed that low light growth conditions were particularly troublesome when trying to interpret the functional leaf anatomy of C 3 grasses from open habitats. We therefore conclude that new, detailed anatomical surveys are needed to address structure-function relationships of the C 3 grass leaf in a phylogenetic context. Many species will have to be analyzed, but, compared with the efforts reported a generation ago, the new digital imaging technologies should greatly facilitate new comparative studies. Vaughan, 1994 ) were grown hydroponically at the University of Toronto in plant growth chambers (Enconair GC-20; Winnipeg, Manitoba, Canada) under a fl uorescent canopy with a photosynthetic photon fl ux density (PPFD) of 650 µ mol of photons m -2 s -1 at mid canopy and 16 h day/night temperatures of 24/24°C. Plants were grown as described by Makino (1988) and Makino and Sage (2007) , with the exception that germinated seedlings were placed directly on screens fl oating on fullstrength nutrient solution. Hydroponic solutions were changed every 3 d. Hydroponic containers contained one plant of each species and were rotated regularly within a chamber. Replicate leaf samples of each species harvested for microscopy (see below) were taken from hydroponic containers grown in three different growth chambers. Seeds were provided by the IRRI.
Materials and Methods
Leaf tissue was sampled for light, scanning and transmission electron microscopy from the third fully expanded leaf at 42-50 d after seed sowing. Leaves were similar in size to those of 60-day-old plants used by Makino and Sage (2007) , who studied photosynthesis in greenhouse-grown plants aged 60-90 d. Samples were harvested from the middle of the leaf and prepared for light, scanning and transmission electron microscopy as described by Sage and Williams (1995) . Transmission electron micrographs of 15 chlorenchyma cells per plant ( n = 3 plants) of O . sativa were used to quantify the percentage of the protoplast occupied by chloroplasts and the percentage of cell wall coverage by chloroplasts in median or near-median transverse sections using Image J (National Institutes of Health, Bethesda, MD, USA). Initially, a one-way analysis of variance (ANOVA) was used to determine if there were any signifi cant differences between leaves sampled from plants growing in different growth chambers. No differences were observed. Therefore, values for all replicates were pooled.
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